Fano-Kondo interplay in a side-coupled double quantum dot 
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We investigate low-temperature transport characteristics of a side-coupled double quantum dot 
where only one of the dots is directly connected to the leads. We observe Fano resonances, which 
arise from interference between discrete levels in one dot and the Kondo effect, or cotunneling 
in general, in the other dot, playing the role of a continuum. The Kondo resonance is partially 
suppressed by destructive Fano interference, reflecting novel Fano-Kondo competition. We also 
present a theoretical calculation based on the tight-binding model with slave boson mean field 
approximation, which qualitatively reproduces the experimental findings. 



Large tunability of electronic states in semiconduc- 
tor quantum dot (QD) systems has unveiled rich quan- 
tum transport phenomena in recent years. In particu- 
lar, the Kondo efFecti has been extensively investigated 
as archetypal many-body physics, and its interplay with 
Fano interference^ is of great interest from the viewpoint 
of tuning spin correlation by quantum coherence. A QD 
having an odd number of electrons with spin S — 1/2 dis- 
plays the Kondo effect at temperature lower than Tk (the 
Kondo temperature) as a result of spin singlet formation 
between the localized magnetic moment in the QD and 
the delocalized electrons in the reservoirs. Then, the con- 
ductance is enhanced at Coulomb blockade regions and 
a zero-bias peak appears in the differential conductance 
versus source-drain bias characteristics, following the for- 




FIG. 1: (Color online) Color-scale plot of the observed con- 
ductance as functions of the plunger gate voltages, Vi and V2, 
at 41 mK. Blue corresponds to zero conductance, white to 
20 fiS, and red to 40 /iS. A Kondo valley for QDl is marked 
with a triangle. Solid and dotted lines denote charge state 
transitions on QDl and QD2, respectively. The upper inset 
shows a scanning electron micrograph of the DQD device to- 
gether with a schematic of the measurement setup. Current, 
/, is measured across QDl. The lower inset shows a schematic 
of side-coupled DQD geometry. 



mation of a many-body local density of states peak at the 
Fermi energy^iii^i^. 

When a second QD (QD2) is tunnel-coupled to the side 
of the first QD (QDl) exhibiting the Kondo effect, thus 
forming a T-shaped geometry as schematically shown in 
the lower inset to Fig. [Tl a variety of spin correlation phe- 
nomena are expected, such as the two-stage Kondo effect, 
the competition with the inter-dot spin singlet formation, 
and the influence by the Fano interference^'^'^ i^°'^^i^^'^'^ . 
In contrast to the large number of theoretical studies in 
the literature, very few experiments have been reported 
on such a side-coupled double quantum dot (DQD). 

In this Letter, we report low- temperature transport 
properties of a side-coupled DQD. At charge state tran- 
sitions on QD2, we observe Fano resonances arising from 
interference between discrete levels in QD2 and the co- 
tunneling process in QDl, which serves as a continuum. 
In agreement with the Fano formalism, the asymmet- 
ric resonance line shape is found to evolve systemati- 
cally with the magnitude of the non-resonant channel 
transmission, i.e. cotunneling conductance, which can 
be changed by the gate voltage or magnetic field. On the 
other hand, unlike the standard Fano interference, the 
magnitude of the resonance is reduced due to the com- 
petition with the Kondo effect. We also present a tight 
binding calculation incorporating slave boson mean field 
approximation, which is in qualitative agreement with 
the experiment. 

The DQD device is fabricated from a 
GaAs/A^Gai_a;As heterostructure with two- 
dimensional electron gas (2DEG) located 90 nm 
from the surface. Several Schottky gate electrodes are 
deposited on the wafer to form two parallel QD's as 
shown in the upper inset to Fig. [T] Direct connection 
between QD2 and 2DEG reservoir is lost by applying 
sufficiently negative gate biases, Vtj and Vl. Then, 
the device operates as a side-coupled DQD with the 
only current path through QDl. In this geometry, 
complications arising from multiple current paths can 
be avoided, and even when QD2 has a local magnetic 
moment, it is not screened by the external leads due 
to the Kondo effect. Therefore, the influence of QD2 
on QDl transport, or correlated transport of the coher- 
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FIG. 2: (a) The observed mid-valley conductance profile 
across resonance a in the non- Kondo valley (dots) fitted with 
the Fano theory (solid line). The dashed line denotes the 
nonresonant channel conductance, G^, and the peak ampli- 
tude measured from the dashed line is the resonant channel 
conductance, G^. (b) Plot similar to (a) for resonance /3 in 
the Kondo valley, (c) Temperature dependence of G^, G^, 
and G^. (d) G^ and G^ plotted as a function of inverse 
temperature. 



ent DQD system as a whole, is expected to be more 
straightforwardly investigated than in a serial or parallel 
DQD. Transport measurement is performed with a 
standard lock-in technique at temperatures down to 
T ~ 40 mK in a dilution refrigerator. The source-drain 
bias Vsd = Vdc + Vac, where Vdc is a DC offset and AC 
excitation (about 13 Hz) Vac — 5 /iV. 

Figure [1] shows a color-scale plot of the linear conduc- 
tance as functions of the plunger gate voltages, Vi and 
V2. Three strong Coulomb peaks are observed when the 
electron number in QDl, TVi, changes by one. Inter-dot 
and dot-lead tunnel barriers are tuned in the strong cou- 
pling regime in excess of ^ 200 fj.eV for the parameter 
range of interest. Inter-dot Coulomb interaction is re- 
vealed as jumps in the Coulomb peak positions whenever 
the electron number in QD2, N2, changes by one, forming 
a well-known honeycomb stability diagram^**. We find 
such jumps disappear at sufficiently negative V2, indicat- 
ing that N2 = there. iV2 values determined this way 
are shown in Fig. [TJ Conductance in the lower Coulomb 
blockade valley (marked with a triangle) is much larger 
than in the upper one, and a zero-bias peak is observed 
in the Vdc dependence of the differential conductance. 
The Kondo effect is responsible for these features with 
Tk — 750 mK as estimated from the half width of the 
zero-bias peakS.. 

At the boundaries between different N2 ground states 
where the Coulomb peaks jump, conductance in the 



Coulomb blockade region shows maxima (minima) at 
the upper (lower) valley. Conductance profiles extracted 
along dashed lines in the middle of the QDl Coulomb 
blockade valleys across QD2 resonances a and /3 (see 
Fig. [1]) are plotted in Fig. [2fa) and (b), respectively. 
We interpret these conductance modulations in terms of 
Fano interference between the indirect transmission via 
discrete levels in QD2, and the Kondo effect (cotunneling 
process) in QDl playing the role of a continuum. Data 
points of conductance G are fitted with the Fano formula 
(solid line) 



G(e) = G, 



(e + q? 

(£2 + 1) 



Gi. 



(1) 



Here, e = 2{E — i?o)/r is a normalized detuning with 
E the energy of an electron, Eq the energy of the res- 
onance, and r the level broadening. Go is conductance 
via a nonresonant transmission channel, and Gi is an 
offset which is normally ascribed to an incoherent trans- 
mission component. The dimensionless parameter q is 
known as Fano's asymmetric parameter and character- 
izes the shape of the resonance line. Fano interference 
occurs between transmissions via a nonresonant chan- 
nel (continuum channel) and a resonant one, and their 
relative amplitude determines q. When the former dom- 
inates, the resonance at E = Eq appears as a dip with 
g ~ 0. On the contrary, when the latter dominates, the 
resonance appears as a peak similar to a normal Coulomb 
blockade peak with \q\ :§> 1. We define G)^ = Gq + Gi 
{i = a, (3 etc.) as the conductance (including the back- 
ground) ascribed to the nonresonant channel, i. e. cotun- 
neling conductance far from the N2 transitions. We also 
define resonant channel conductance G^ = {1 + q'^)GQ. 
When q — Q {\q\ = 00), G^^ is the magnitude of the res- 
onance dip (peak) measured with respect to GJy. Since 
cotunneling conductance is relatively small (G^ ~ 10/iS) 
near the resonance a in the non-Kondo valley, a large 
resonance peak is observed with q — 22. On the other 
hand, a resonance dip is observed at (3 in the Kondo val- 
ley with q = 0.17 and G^ ~ 29 ^fS^^ A value oi q = 1.4 
is obtained with a large asymmetry in the line shape 
(not shown) at another resonance 7 in the non-Kondo 
valley having an intermediate value of G^ ~ 25 /iS. 
This trend of smaller q for larger GJy is consistent with 
the Fano formalism because GJy reflects the transmission 
amplitude via a nonresonant channel. Fano resonances 
have been extensively investigated recently in mesoscopic 
systems involving QD's where the nonresonant channel 
arises from a quantum wirei^^ii^ii^. Fano resonances 
are also observed in a semi-open single QD without an 
obvious continuum channe l^^i^^'^^ . Although cotunneling 
has been suggested as a nonresonant channel in Ref.— , 
particular orbital states strongly coupled with the leads 
seem to be more likely sources of nonresonant channels^-. 
In the present DQD system, cotunneling through QDl 
unambiguously serves as a nonresonant channel, which is 
corroborated by the device geometry. 

The behavior captured in Fig. IHb) clearly demon- 
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strates suppression of the Kondo effect by Fano de- 
structive interferenceii. However, the Kondo zero-bias 
peak is not completely suppressed even at the dip region 
(V2 — —0.08 V). The amount of this partial suppression 
of the Kondo peak gives the dip magnitude, ~ 7 ^S, 
while the remaining peak increases the background con- 
ductance to Gi ~ 22 fiS over a true incoherent back- 
ground of ~ 10 /iS. This point is discussed again in the 
later section dealing with the magnetic field dependence. 

Figure[2l^c) shows temperature dependence of G^, G^, 
and G^. G^ is the normal Kondo conductance showing 
a linear logT behavior as expected. G^ and seem 
to change in a linear logT manner as well, which may 
suggest their relevance to the Kondo physics^*^. The same 
G^ and G^ data are plotted as a function of inverse 
temperature in Fig. [2ljd). The high temperature part of 
the resonant channel conductance decreases linearly with 
temperature, which suggests thermal broadening of the 
electron distribution in the leads, as known for normal 
Coulomb blockade peaks^. 

Next, we present a theoretical calculation of the con- 
ductance for the side-coupled DQD at T = K. We em- 
ploy the tight-binding model to incorporate relevant pa- 
rameters in the present DQD geometry as schematically 
shown in Fig.[3ja). QDl (QD2) is assumed to have single- 
particle energy Si (£2) and the on-site Coulomb energy 
Ui (1/2)- Inter-dot Coulomb interaction is not taken into 
account. An analytical expression for the conductance 
equivalent to eq. (H]) is obtained for Ui = U2 — 0^^. For 
Ui ^ 0, the Coulomb interaction in QDl is taken into ac- 
count by the slave-boson mean field approximation. We 
assume t/2 = to avoid calculational complexity, be- 
lieving that the essential physics for an individual Fano 
resonance can be still captured. The conductance is cal- 
culated from the transmission probability obtained by 
the S-matrix formalism. 

Figure [3l^b) shows the calculated conductance as func- 
tions of single-particle levels e\ and £2 with respect to the 
Fermi energy, Ey, for \J\ — A, ti = 0.45, and td = 0.14 
in units of ^o- When £2 is away from the Fermi level, the 
conductance shows an ordinary Kondo-enhanced conduc- 
tance within the QDl Coulomb blockade valley between 
E-p —£1 = and 4. As £2 approaches E-p, Fano res- 
onance involving the QD2 discrete level suppresses the 
Kondo-enhanced conductance in QDl to zero. As shown 
in Fig. [Sljd), a symmetric conductance profile with a dip, 
similar to Fig. [Hb), is obtained in the middle of the 
QDl Coulomb blockade valley (/3) at Ep — £1 = 2 corre- 
sponding to q = 0. On the other hand, an asymmetric 
peak similar to Fig. [Ifa) is obtained outside the QDl 
Coulomb blockade valley (a). The conductance profile 
at Ep — £1 = 6 is shown in Fig. [3fc) corresponding to 
q ~ 5. These results are in qualitative agreement with 
our experimental results. The calculated line shape in 
Fig. [2Id) is slightly different from the one obtained by 
putting q = in eq. ([1]) because of the Kondo correla- 
tion. This will be discussed in more detail in a separate 
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FIG. 3: (Color online) (a) The tight-binding model for the 
side-coupled DQD. (b) Color-scale plot of the calculated con- 
ductance as functions of Ep — ei and Ep — £2 . a and /3 cor- 
respond to the same symbols in Fig. [1] (c) Calculated con- 
ductance profile at Ep — ei = 6. (d) Calculated conductance 
profile at Ef — ei = 2. Since F is energy dependent, its value 
far from QD2 resonance is used for normalization. 



publication^^. 

We finally present experimental results on the mag- 
netic field dependence of the Fano resonances. When per- 
pendicular magnetic field is applied to a lateral QD, level 
crossings occur between different orbital states. Then, 
the "Kondo chessboard" is observed as a result of elec- 
tron redistribution within a QD between an inner orbital 
and an outer one, the latter coupling more strongly to 
the leads^i. This means that a non-Kondo valley at zero 
field can change to a Kondo valley when its outer orbital 
holds an odd number of electrons even though its total 
electron number is even. In fact, the upper non-Kondo 
valley changes to the Kondo valley aX B = 0.15 T, as 
shown in Fig. ID^a). Here, the intensity of the Coulomb 
valley conductance is swapped between the upper and 
lower valleys, and a Kondo zero bias peak is confirmed in 
the upper valley, and not in the lower one. The expected 
Zeeman energy ~ 4 jieV at B — 0.15 T is much smaller 
than the half width of the Kondo zero-bias peak ~ 85 /ieV 
(Fig. IDJd)) giving Tk — 1 K. Therefore, suppression of 
the Kondo effect by magnetic field is negligible. 

Mid- valley conductance profiles across resonance a are 
plotted in Fig. Wh) for B = 0.05 T, 0.1 T, and 0.15 T 
without an offset. The application of magnetic field in- 
creases G^ , as the Kondo effect is activated by the above- 
mentioned chessboard mechanism. This is accompanied 
by the decrease of q, i.e. the Fano line shape changes 
from an almost symmetric peak at zero field to an asym- 
metric one at higher field. These trends, consistent with 
the Fano formalism, are summarized in Fig. Sfc) , where q 
and G^ estimated by fitting the experimental data with 
eq. ([T]), are plotted as a function of magnetic field. We 
also note that the conductance minima at the resonance. 
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FIG. 4: (Color online) (a) Color-scale plot of the observed 
conductance as functions of Vi and V2 at B = 0.15 T. Color 
scale is same as in Fig. [1] (b) Mid- valley conductance profiles 
across resonance a (dots) fitted with the Fano theory (solid 
line) for various magnetic fields, (c) Magnetic field depen- 
dence of g and G%. (d) A Kondo zero-bias peak at B = 0.15 T 
near the resonance minima denoted by an arrow in (b). The 
vertical axis is common with (b). 



which is normally regarded as an incoherent background. 
As shown in Fig.[Hd), where Vdc dependence of differen- 
tial conductance is plotted for B = 0.15 T near the reso- 
nance minima, the Kondo zero bias peak is only partially 
suppressed and the actual incoherent background ~ 10/iS 
inferred at finite Vdc is much smaller than Gi ~ 26 ^S. 
The remaining Kondo peak, which can be regarded as co- 
herent background, accounts for the increase of Gi over 
the true incoherent background and, in its turn, sup- 
presses the Fano resonance amplitude G^. The same 
situation occurs at B = T shown in Fig. [DJb). This 
mutual suppression demonstrates a novel competition be- 
tween the Kondo effect and the Fano interference. 

To summarize, we have investigated transport char- 
acteristics of the side-coupled DQD both experimentally 
and theoretically. Suppression (enhancement) of the con- 
ductance is observed in the Kondo (non-Kondo) valley 
of QDl when charge state transitions occur on QD2. 
We demonstrate that these features are Fano resonances 
where the Kondo effect (cotunneling) in QDl plays the 
role of a continuum. It is found that the Fano destructive 
interference partially suppresses the Kondo resonance, 
revealing a novel Fano-Kondo interplay. We have also 
presented a theoretical calculation based on the tight- 
binding model and obtained qualitative agreement with 
the experimental results. 
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given by Gi in eq. ([T]), increases with magnetic field, re- 
sulting in the reduction of the resonance amplitude, G^. 
This might seem strange at first because the increase of 
conductance due to the Kondo effect, undoubtedly a co- 
herent transport process, results in the increase of Gi, 
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